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An enzyme-linked immunosorbant assay (ELISA) performed on 
hemolymph from schistosome-resistant and susceptible B. glabrata snails 
indicates the presence of an interleukin-ip (IL-iP)-like molecule in snail 
plasma. In order to confirm the existence of the snail IL -lp  gene, a 
cDNA X-phage library was produced from mRNA collected from the S. 
mansoni-xesistdint 13-16-Rl strain of B. glabrata. This library was 
probed with an oligonucleotide and with rabbit polyclonal anti-IL-ip 
antibodies. The oligonucleotide was designed from conserved IL-lp 
cDNA sequences from a variety of mammals. The rabbit polyclonal 
antibodies were generated against recombinant human IL-ip. These 
methods of detection failed to isolate the gene from the library. PGR 
primers, designed from conserved mammalian IL-ip cDNA sequences, 
used with snail template DNA produced several products that were 
cloned and sequenced. The sequences produced contained no 
recognizable similarity to any known IL-ip  sequence. B, glabrata 
hemocytes have many similarities to human macrophages in both 
morphology and function. They can phagocytize bacteria, use proteolytic 
enzymes in lysosomes to digest particles, and can produce reactive 
oxygen intermediates to kill foreign invaders, all similar to mechanisms 
found in macrophages. Human macrophages produce the cytokine IL-ip 
when exposed to lipopolysaccharide (LPS). B, glabrata hemocyte 
monolayers were treated with various concentrations of LPS, incubated at 
30° C, and the monolayer supernatants tested using a human IL-lp 
ELISA. Exposure of hemocytes to LPS induced significantly higher 
levels of an IL-ip iike molecule from the monolayers. Hemocyte 
monolayer supernatants were also tested using a TNF-a ELISA which 
showed the presence of a TNF-a-like molecule in snail plasma. These 
results indicate that components of the B, glabrata immune system are 
capable of producing proteins that have immunological similarities to 
mammalian cytokines and can be induced to higher production following 
exposure to LPS.
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Chapter 1 
Introduction
The parasitic disease schistosomiasis has a long history as a 
widespread cause of human suffering. Evidence of this infection has been 
found in Egyptian mummified remains dated as over 3000 years old. 
Calcified eggs of Schistosoma haematobium were observed in the kidneys 
of two mummies dated from 1250 — 1000 BC and haematuria, one of the 
symptoms of schistosomiasis, is mentioned fifty times in various medical 
Papyri (Contis and David, 1996). Positive identification of the causative 
agent of schistosomiasis began in 1851 in Cairo, Egypt, when Theodor 
Bilharz observed a dioecious parasitic flatworm residing in the mesenteric 
veins of a young man during autopsy. He also attributed the terminally- 
spined eggs found, post-mortem, in the urine as the cause of hematuria in 
his patient (Kojima, 1998). In the early 1900’s Sir Patrick Manson 
observed laterally-spined trematode eggs in the stool, but not in the urine, 
of a patient from the West Indies. He suggested that intestinal and urinary 
schistosomiasis were caused by different species of worms. This ultimately 
led to the description of the trematode Schistosoma mansoni as the parasite 
responsible for intestinal schistosomiasis. Concurrently, in Japan, Fujiro 
Katsurada described worms, later named Schistosoma japonicum, in the 
abdomen of a human on autopsy as another trematode species responsible
for intestinal schistosomiasis (Kojima, 1998).
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In regard to parasitic diseases of humans, schistosomiasis is ranked 
only second in importance to malaria (Capron et al., 1987). In an address 
to the American Society of Parasitologists in 1947, Dr. N.R. Stoll 
estimated that the four schistosome species known at that time to be 
pathogenic to humans. Schistosoma japonicum, S. haematobium, S. 
intercalatum and S, mansoni, infected 114 million people worldwide 
(Stoll, 1947). In 1996, research by the World Health Organization (WHO) 
estimated that more than 200 million people worldwide were infected with 
these four schistosome species as well as the more recently identified S. 
mekongi (WHO, 1996). Of those infected, WHO estimates that 120 
million are symptomatic and of those, 20 million suffer severe 
consequences from the disease with annual deaths from schistosomiasis 
estimated between 500,000 to 1 million (Roberts and Janovy, 2000). To 
date, vector and parasite control efforts and research into vaccines and 
therapies have yet to reduce the number of infected people from earlier 
levels. It is hypothesized that increasing populations in endemic areas are 
the cause of the overall increase in numbers infected worldwide.
Taxonomically, schistosomiasis is caused by a parasitic flatworm
from the phylum Platyhelminthes. Schistosomes are contained in the class
Trematoda with all members of this class, when in their adult stage, being
parasites of vertebrates (Roberts and Janovy, 2000). The schistosomes
differ from other trematode worms in having separate sexes. The adult
2
forms of schistosomes that are infective to humans are all similar in 
external structure, although there is sexual dimorphism, with the males 
being shorter and wider than the females. The female is long and slender 
ranging in length from 7mm to 26mm and in width from 0.25mm to 
0.5mm. The males range from 10mm to 15mm in length and from 0.5mm 
to 1mm in width. The male schistosome body is flattened on the ventral 
side and folded to form a groove, the gynecophoral canal, which holds the 
female firmly while the worms are residing in the venous system of the 
definitive host (Marked et al., 1999).
The life cycle of schistosomes alternates between a mammalian
definitive host and a snail intermediate host (Roberts and Janovy, 2000).
The sexual generation of adult schistosomes resides within the vascular
system of the gut in the definitive host while the asexual generation resides
within an obligate intermediate host, a specific genus of fresh water snail.
The definitive host will release embryonated eggs in urine or feces. The
eggs hatch upon contact with fresh water. The hatched miracidia swim
using body surface cilia until they encounter the snail intermediate host
where they penetrate the exposed tegument using secretions from anterior
penetration glands. After penetration the miracidium loses its ciliated
surface and develops into a mother sporocyst. After several weeks the
mother sporocyst asexually produces daughter sporocysts that migrate
throughout the body of the snail. The daughter sporocysts produce
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furcocercous or forked-tail cercariae, and approximately four weeks after 
the initial penetration, the cercariae emerge from the snail body and into 
the water. Cercariae alternately swim to the surface and sink to the bottom 
of the water column while attempting to contact the skin of a suitable 
mammalian host. After contact, they penetrate the epidermis using 
penetration glands contained in their anterior organ, their tail drops off, 
and they enter the subcutaneous tissue. After 24 hours these 
schistosomules, or little schistosomes, are swept through the peripheral 
circulation to the heart followed by migration through various other 
organs and ultimately to the liver. After three weeks of development in 
the liver the young adult worms migrate to the mesenteric veins that drain 
a specific host abdominal region, where they mate and the females begin 
egg production. S, mansoni adult worms inhabit the portal veins of the 
large intestine, 5. japonicum  adults inhabit veins of the small intestine and 
5. haematobium adults inhabit veins of the urinzuy bladder plexus. For 5. 
japonicum  and 5. mansoni the prepatent period is approximately 35 days 
between the time of cercarial penetration and the appearance of eggs in the 
excreta while for S. haematobium the prepatent period is around 70 days 
(Markell et al., 1999).
Symptoms of schistosomiasis include dermatitis following cercarial
penetration, a prepatent phase which may include malaise, cough, anemia
and abdominal pain, and an oviposition phase which may cause chills and
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fever, diarrhea, hepatomegaly, and splenomegaly (Markell et al., 1999). 
These symptoms vary among the schistosome species, but the disease can be 
broadly categorized as intestinal schistosomiasis or urinary schistosomiasis. 
Urinary schistosomiasis mainly causes a recurrent painless hematuria with 
thickening of the bladder wall. Chronic cases may have obstruction of the 
urinary tract and renal dysfunction. Intestinal schistosomiasis can cause 
recurrent daily fever, abdominal pain, an enlarged tender liver and spleen, 
and dysentery following the discharge of parasite eggs into the intestines. 
The chronic phase of intestinal schistosomiasis caused by 5. mansoni and 
S. japonicum  is characterized by hepatosplenomegaly from the immune 
response against parasite eggs carried by the circulation and lodged in the 
liver and spleen. This may lead to liver dysfunction and eventual cirrhosis 
while the spleen may enlarge to fill a large portion of the abdomen 
(Kojima, 1998).
The distribution of schistosomiasis is worldwide in the tropical and
subtropical regions (Kojima, 1998). S. haematobium is found throughout
Africa, Asia Minor, Cyprus, southern Portugal, and a small area of India.
S. japonicum  is found in the Far East in Japan, the Philippines, parts of
China and Indonesia. S. mekongi is limited to the Mekong river basin in
Cambodia and Viet Nam, while S, intercalatum occurs in Western and
Central Africa. S. mansoni, the focus of this research, was originally
extensively distributed throughout Africa, the Arabian peninsula and
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Malagasy. It is believed that its introduction to the Western Hemisphere 
was a consequence of the African slave trade. It is currently found in 
Brazil, Surinam, Venezuela and parts of the Caribbean in association with 
the snail species Biomphalaria glabrata, B, straminea, and B. tenagophilia 
(Rollinson and Simpson, 1987). All schistosomes require an intermediate 
snail host to complete their life cycle. However, the appropriate snail 
genus varies among the different schistosome species. Additionally, 
different species or strains of the snail intermediate host may exhibit 
different levels of susceptibility to geographically separate strains of 
schistosomes. In general, the intermediate host of S. haematobium and S, 
intercalatum are snails from the genus Bulinus, S. japonicum  infects snails 
from the genus Oncomelania, S. mekongi infects snails from the genus 
Neotricula and S, mansoni infects snails from the genus Biomphalaria.
Considering its impact on human health and the economies of
endemic regions, schistosomiasis control has been the focus of considerable
research. Improved sanitation can limit or prevent human introduction of
parasite eggs into local bodies of fresh water. However, the building of
dams and large-scale irrigation projects have been implicated in the spread
of schistosomiasis to previously untouched areas through the increase of
snail habitat (Kojima, 1998). Awareness of the ability of this parasite to
spread quickly to new areas and into naïve hosts should lead to better
environmental management and sanitation control that could limit the
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spread of the parasite in these areas. Immunization of the definitive human 
host would interrupt the parasite’s life cycle and lower the transmission 
rate into other reservoir hosts. However, vaccine development has been 
difficult in part due to the distinct antigenic differences among the various 
stages of the parasite life cycle in the human host, although the use of 
radiation-attenuated cercariae shows some promise (Wilson et al., 1999). 
Control of the intermediate snail host has proven to be an effective method 
in some areas. The use of molluscicides and the addition of snail predators 
into snail habitat have had some success (Hofkin et al., 1992; Mkoji et al., 
1998). It is likely that improvements in vector control may come from 
additional research into snail-schistosome interactions. A coordinated 
multi-phase approach encompassing education, sanitation, vector control, 
drug therapy and vaccination may be more successful than any single 
measure in lessening the impact of this disease (Markell et al., 1999).
In the western hemisphere S. mansoni is transmitted through
intermediate host snails of the genus Biomphalaria^ of which the species B.
glabrata is the most extensively studied. Through cross-mating and self-
fertilization of certain phenotypes, strains of B. glabrata have been
developed that are genetically-defined as resistant or susceptible to
infection by the Puerto Rican PR-1 strain of S, mansoni (Richards and
Merritt, 1972). These strains are commonly used to model snail-
schistosome interactions due to the availability of B. glabrata strains
7
differing in their susceptibility or resistance to infection by the PR-1 strain 
of parasite. Snail strains have been bred that range from entirely 
susceptible to totally resistant. At The University of Montana we maintain 
colonies of the schistosome-resistant 10-R2 and 13-16-Rl and the 
susceptible M-line strains of B. glabrata, that are used to study the immune 
interactions between the snail host and the PR-1 strain of S. mansoni,
Snail-schistosome interactions are dependent on the dynamic 
interplay between a variety of schistosome and snail-derived components. 
After the schistosome penetrates the snail tegument it releases 
excretory/secretory (ES) products that act to inhibit the snail’s immune 
response (Yoshino and Lodes, 1988; Connors and Yoshino, 1990; Lodes 
and Yoshino, 1990). These ES products have been shown to inhibit 
motility, phagocytic activity and superoxide production in the snail’s 
macrophage-like circulating hemocytes. There is also evidence that 
schistosomes avoid host recognition by either producing or acquiring host- 
mimicking surface molecules. Successful immune evasion allows the 
parasite to colonize the snail’s tissues and produce cercariae for release into 
the water column.
The snail’s response to this invading parasite is mediated by its
internal defense system (IDS). An important factor in how the snail
responds to the parasite is the physiological compatibility between the snail
and the schistosome (Richards et al., 1992). It has been observed that
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physiological compatibility can differ between specific strains of snails and 
different strains of schistosomes, giving rise to adaptation of a parasite 
strain for a certain snail host. The cellular response of the snaiTs IDS is 
mediated by hemocytes, circulating amoeboid cells capable of recognizing, 
phagocytizing and killing foreign invaders. Hemocytes have been shown to 
use lysosomal enzymes and reactive oxygen intermediates as a killing 
mechanism. When confronted with a large invader the hemocytes adhere 
to and encapsulate it. Subsequently, individual cells break apart the surface 
of the foreign invader and phagocytize portions of it, eventually killing the 
invader (Loker, 1994).
The humoral response of the snail’s IDS consists of various proteins 
in the snail’s hemolymph that have been shown to act as lectins or 
agglutinins. These components can act in concert with hemocytes to help 
in recognition, binding, activation and ultimately killing of an invading 
larval schistosome (Loker, 1994). Research has shown that plasma from 
resistant snails can activate hemocytes from schistosome-susceptible B. 
glabrata to a cytotoxic state in vitro. This result indicates that there are 
plasma factors responsible for resistance that can be transferred between 
snail strains (Granath and Yoshino, 1984). However, hemocytes from the 
resistant 10-R2 strain can encapsulate and kill sporocysts in vitro in the 
absence of plasma. This further suggests that the hemocytes may be
producing a factor necessary for their activation to a cytotoxic state, and 
that they may be the source of the plasma-activating factor.
A better characterization of these plasma factors may provide a key 
to understanding the basis for resistance in certain snail strains. There is 
evidence that snail plasma contains a protein with functional similarities to 
the mammalian cytokine interleukin-1-beta (IL-iP) (Granath et al., 1994). 
Further characterization of this putative snail interleukin both functionally 
and genetically may identify its nature and function within the snail IDS.
If this protein is a member of the cytokine family it may be a key 
component used by the snail to initiate resistance to infection by 
schistosomes. Identification of the underlying mechanism for resistance 
may yield strategies for genetic manipulation of the intermediate host, an 
idea with a long history. Experiments described in this thesis were 
performed to identify and characterize this putative cytokine expressed in 
the hemolymph of B, glabrata snails.
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1.1. Literature Review
The pulmonate snail Biomphalaria glabrata has been studied in more 
detail than has any other intermediate host of human-infecting 
schistosomes. In early studies it was observed that B. glabrata had natural 
variation in susceptibility, hypothesized to be genetically based, to infection 
by 5. mansoni (Files and Cram, 1949). It is now known that susceptibility 
of snails to schistosomes can vary geographically, within populations in the 
same area, between individuals from the same population and as the 
individual snail ages (Richards, 1984). Depending on the B. glabrata — S. 
mansoni combination, the result of infection may range between complete 
susceptibility, with the parasite developing normally in the snail, to active 
and effective resistance, where the miracidium is recognized as foreign and 
the snail’s innate immune system rapidly destroys the parasite (Richards 
and Shade, 1987). It has been suggested that by understanding the 
mechanisms that determine susceptibility and resistance between snails and 
schistosomes it may be possible to devise methods for control of the 
parasite.
B, glabrata snails are hermaphroditic and therefore have the ability
to self-fertilize as well as cross-fertilize. Dr Charles S. Richards, while
working for the National Institutes of Health (Bethesda, MD) and the
Biomedical Research Institute (Rockville, MD), used these features to
develop strains of B. glabrata with varying degrees of resistance to
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infection by the parasite. Following exposure of the snail to 5. mansoni 
miracidia, snail tissues were serially sectioned and stained to determine 
viability of the schistosome and whether the snail had mounted a killing or 
encapsulation response. Resistance to infection by schistosomes was 
defined as the inability of the invading sporocyst to survive or having only 
a brief period of survival in a particular snail strain. Experiments 
determined that susceptibility in B. glabrata strains fell into four broad 
categories (Richards et al., 1992). Type I strains, including the 10-R2 and 
13-16-Rl lines, are resistant to infection both as juveniles and adults. Type 
II strains are susceptible as juveniles but resistant as adults. Type III 
strains, which include the M-line strain, are susceptible both as juveniles 
and adults. Type IV strains are susceptible as juveniles but are variable in 
resistance as adults. Development and characterization of these genetically 
defined strains of B, glabrata have provided the basis for much of the 
research into snail-schistosome interactions. Unless otherwise noted the 
snail-schistosome interactions discussed in this research will refer to the 
Type III susceptible M-line and Type I resistant 10-R2 and 13-16-Rl 
strains of B, glabrata, and the NIH-Sm-PR-1 strain of S. mansoni as 
described by Richards (1984).
There are a number of possible outcomes when trematode miracidia
contact and penetrate Biomphalaria (Loker and Bayne, 1986).
Unsuitability occurs when sporocysts do not develop in the absence of a
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host immune response suggesting physiological components cause this lack 
of development. Susceptibility indicates that the parasite will develop 
normally in the host with no delay in its development. Resistance occurs 
within hours of penetration when the parasites are recognized, encapsulated 
and destroyed by the host immune response. Interference has been found 
to occur in the 10-R2 strain of B. glabrata following exposure to the 
trematode Echinostoma paraensei. This phenomenon allows schistosome 
sporocysts to develop in this normally resistant strain. Also, snails can 
have enhanced resistance following exposure to irradiation-attenuated 
miracidia allowing the destruction of untreated miracidia by the normally 
ineffective immune response. A self-cure may occur in 10-R2 snails 
following echinostome-mediated interference, but this result may be 
delayed until after production and release of cercariae. This range of 
outcomes suggests that different snail strains may be lacking in some 
immune component(s) that contribute to the schistosome’s ability to 
successfully parasitize the snail.
The consequences of parasite invasion in the intermediate host
include: (a) no host reaction as the parasite develops in a susceptible host;
(b) the failure of parasite development in an unsuitable host; (c) a resistant
snail’s ability to recognize, encapsulate and destroy the parasite; and (d)
snails that recognize and encapsulate the parasite while not destroying it,
which allows development of the parasite, athough often retarded
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(Richards et al., 1992). Further, the inheritance of certain pigmentation 
phenotypes has allowed for the recognition of phenotypic markers in the 
various crosses. These phenotypes can indicate a snail’s immune status and 
the likely outcome of schistosome penetration (Richards, 1975). However, 
it has been difficult to characterize the immune components and ultimately 
to isolate the genes responsible for resistance or susceptibility to the 
parasite. Therefore most research into resistance has focused on 
describing the various components of the snail’s internal defense system 
and its interactions with non-self invaders in an attempt to determine the 
specific immune basis for resistance.
Snails have an external defense consisting of the physical barriers of
tegument and shell and various protective materials such as mucous and
host-derived molecules in the digestive tract that act to prevent the invasion
of foreign organisms (Dikkeboom et al., 1985). If a foreign invader gets
past the physical barriers either through an injury or an active invasion
mechanism then an internal defense system (IDS) is activated to inhibit or
kill the invader (Loker, 1994). The invertebrate IDS is often described as
primitive since it lacks memory and specificity, traits that are characteristic
of the vertebrate immune system (van der Knaap and Loker, 1990).
Further, the IDS lacks other components found in vertebrates, such as the
rearranging genes that produce immunoglobulins and the lymphocyte lines
each capable of recognizing a different specific non-self antigen (Kuby,
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1994). Invertebrates also lack a major histocompatibility complex to 
function in the presentation of antigens to specific lymphocytes. However, 
the invertebrate IDS can discriminate between self and non-self and has 
cellular and humoral components that undergo complex interactions that 
allow for the recognition and killing of non-self invaders (Loker, 1994).
The major cellular component of the IDS in B. glabrata are the 
macrophage-like hemocytes found in the hemolymph of the snail’s open 
circulatory system (Meuleman et al., 1987). Hemocytes were originally 
described by their ability to spread on a glass surface, to extend 
pseudopodia, and to move in an amoeboid fashion (Cheng, 1978). They are 
capable of recognizing, binding to, and engulfing foreign invaders in the 
snail. They have lysosomes containing various lytic enzymes and can 
produce reactive oxygen intermediates such as superoxide in a killing 
mechanism during engulfment of particles (Granath and Yoshino, 1983; 
Dikkeboom et al., 1988). They can also act in concert by encapsulating 
larger objects or invaders such as schistosome sporocysts (Loker et al., 
1982).
The components of cellular defense in B. glabrata consist of two
hemocyte types, the granulocytes and the hyalinocytes (Yoshino and
Granath, 1983). The granulocytes comprise over 90% of hemocytes in the
hemolymph. They spread rapidly on glass and when exposed to the lectin
Concanavalin A will round up and have enhanced ability to bind
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erythrocytes. The hyalinocytes are spherical cells capable of binding to 
glass but do not spread like the granulocytes, do not contain acid 
phosphatase and have different lectin specificity than the granulocytes 
(Schoenberg and Cheng, 1980). Studies using monoclonal antibodies have 
characterized hemocytes into two types based upon their ability to bind the 
monoclonal antibody (mAb) BGH (Yoshino and Granath, 1985). Those 
designated BGH+ resemble hyalinocytes and were found to have less 
phagocytic and acid phosphatase activity than BGH- hemocytes. This study 
determined that there were also strain differences in the proportion of 
BGH+ cell with the resistant 10-R2 strain having 10% prevalence while the 
susceptible M-line strain having a 40% prevalence. Given the difference in 
phagocytic and acid phosphatase activity between BGH+ and BGH- cells, 
these researchers hypothesized that M-line snails may have a reduced 
ability to mount a cellular response against foreign invaders.
Granulocytes are the main effector cells in the snail’s response to S. 
mansoni. As mentioned, they are phagocytic cells that spread on surfaces 
and extend pseudopods and are capable of contacting and encapsulating 
foreign objects in vitro. They commonly have a high cytoplasm-to-nucleus 
ratio and the cytoplasm contains lysosomes with hydrolases, proteases and 
related proteolytic substances. However, hemocytes from resistant and 
susceptible snails may have different functional capabilities that determine
their response to parasitism by schistosomes (Loker and Bayne, 1982;
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Granath and Yoshino, 1983). Resistant hemocytes are capable of forming 
a tight capsule around the parasite, causing damage to the tegumental 
surface, and ultimately killing it. It has been observed in a resistant snail 
that 8 hours after infection hemocytes begin to phagocytose the sporocyst 
tegument and after 48 hours there are only the scattered remains of 
sporocysts within the snail tissue (Loker et al., 1982). Hemocytes from 
susceptible snails form a loose capsule that may not cause damage or that 
may disperse from the parasite. It appears that both susceptible and 
resistant hemocytes are capable of recognizing and attaching to the 
parasite. It has been hypothesized that susceptible snail strains may lack 
humoral factors that can activate their hemocytes or that the hemocytes 
may lack receptors for these as yet undiscovered activation factors.
The humoral components of the snail’s IDS are found in the cell-free
hemolymph or plasma. The molecules in the plasma that aid in
immunorecognition are not yet well characterized. Within the hemocytes
there are several components described as having an effect on the invading
parasite. These include hydrolytic enzymes (Cheng and Garrabrant, 1977),
lysosomal enzymes (Granath and Yoshino, 1983), and reactive oxygen
intermediates (Connors and Yoshino, 1990). Lectins, molecules capable of
binding to specific carbohydrate conformations, are found in snail plasma.
They are believed to function against a broad range of bacteria, fungi and
eukaryotic invaders by recognizing common surface motifs on these
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organisms (Vasta and Marchalonis, 1985). Other plasma molecules have 
been described as acting like agglutinins with some also having opsonic 
properties (Bayne, 1990). These opsonins have been described as being 
able to increase the efficiency of phagocytosis by the circulating hemocytes 
as well as facilitating recognition and killing of the schistosome. 
Additionally, there is evidence that plasma contains a protein that has 
structural and functional characteristics similar to mammalian cytokines 
(Granath et al., 1994).
There are several studies showing that B. glabrata plasma from 
resistant strains contains factors not found in susceptible strains. These 
factors may play a part in recognition, binding, and killing of S. mansoni 
sporocysts. Phagocytosis of yeast was enhanced by incubation 
(opsonization) with plasma from resistant but not from susceptible B. 
glabrata (Fryer et al., 1989). Aldehyde-fixed sporocysts were 
agglutinated by plasma from resistant but not susceptible strains (Loker et 
al., 1984). Hemoglobin-depleted plasma from the resistant 10-R2 and the 
susceptible M-line snail strains showed a different protein gel banding 
pattern (Spray and Granath, 1988) and a 55-kDa sporocyst-binding 
polypeptide was discovered in resistant but not susceptible plasma (Spray 
and Granath, 1990). Additional research identified three unique plasma 
glycoproteins from the resistant 10-R2 strain that could bind the surface of
S. mansoni sporocysts (Vietri and Granath, 1992).
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There is evidence that cellular and humoral factors are necessary for
resistance by B, glabrata to infection with S. mansoni. Hemocytes from
both resistant and susceptible snail strains have been shown to be capable of
recognizing, binding and encapsulating larvae, but only the resistant
hemocytes could damage the sporocyst tegument. Therefore, recognition
and binding alone are apparently not adequate to initiate the cytotoxic
mechanism in hemocytes. It has been shown that killing of schistosome
larvae in the resistant 10-R2 strain occurs via a hemocyte-mediated
cytotoxic mechanism. For example, schistosome sporocysts cultured in
vitro are killed when incubated in hemolymph (plasma and hemocytes) or
only hemocytes from resistant 10-R2 snails. Sporocysts incubated in
plasma alone were not damaged and remained viable. Hemocytes from
susceptible M-line B. glabrata incubated in cell-free plasma from the
resistant strain were induced to a cytotoxic state against the sporocysts
(Bayne et al., 1980). Additionally, injection of plasma from the resistant
10-R2 strain into susceptible M-line snails induced protection from
primary sporocyst infection in -60% of the inoculated snails (Granath and
Yoshino, 1984). Injection of in vitro-transformed sporocysts that had been
pre-incubated in either 10-R2 or M-line plasma into susceptible snails
produced typically high levels of productive infection. This suggests that
the cytotoxic factor does not play a part in recognition but instead is a
hemocyte-activating factor. Given the differences in plasma profiles
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between resistant and susceptible snails it is likely that a soluble plasma 
component is the hemocyte-activating factor. However, since resistant 
hemocytes are cytotoxic in the absence of plasma it may be a hemocyte- 
derived secreted factor that acts to induce cytotoxicity.
In the vertebrate immune system there is a large group of signaling 
molecules, the cytokines, capable of acting as immune cell activators and 
modulators. Cytokines are a group of low molecular weight proteins 
secreted by white blood cells and other cells in response to various stimuli. 
They act as cell-cell messengers similar to hormones but act only over 
short distances. Cytokines bind to specific cell membrane receptors of 
target cells and act to alter gene expression in these cells. In general, 
cytokines and their receptors have such high affinity for each other that 
picomolar concentrations in the blood will induce the desired effect. 
Cytokines can exhibit autocrine action or paracrine action and they 
regulate the intensity and duration of the immune response (Dinarello, 
1991). In mammals the cytokines include the interleukins (IL), interferons 
(IFN), tumor necrosis factors (TNF), granulocyte colony stimulating 
factors and transforming growth factors (Kuby, 1994).
The cytokine lL-1 has a number of functions in the vertebrate
immune system. Macrophages, monocytes, B cells, dendritic cells and
other cell types secrete it. Its targets include various immune effector cells
such as macrophages, B and T-helper cells, vascular endothelial cells,
20
hépatocytes as well as the hypothalmus. It functions to stimulate activation 
of certain cell types, promotes maturation and clonal expansion of B cells, 
chemotactically attracts macrophages and neutrophils, induces production 
of acute phase proteins and induces fever. Contact with foreign antigen 
causes macrophages to release IL-1. The released cytokine can have an 
auotocrine action to activate the macrophage or a paracrine action to 
chemotactically recruit other macrophages to the site (Dower et al., 1992).
Human macrophages and snail hemocytes share several common 
functions (McKerrow et al., 1985). They have the ability to spread on 
surfaces, produce pseudopods and phagocytose foreign particles, form 
phagolysosomes by fusing with lysosomes containing proteolytic enzymes 
and produce the superoxide anion as killing mechanisms. Like 
macrophages, multiple hemocytes can come together to form capsules 
around larger invaders to contain or kill them (Loker et al., 1982). 
Macrophages can also produce cytokines that activate other cellular 
components of the vertebrate immune response while the hemocytes ability 
to signal and upregulate the immune response is only conjecture. Further 
research may uncover other similarities in the structure and function of 
macrophages and snail hemocytes.
There is evidence of cytokines in several invertebrate organisms.
An IL-1-like molecule has been found in the starfish Asterias forbesi
which is similar in molecular weight, isoelectric point and biochemical
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properties to mammalian IL-1 (Beck and Habicht, 1991). Additionally, 
plasma from the tunicate Styela clava contains the interleukin-1-like 
molecules tunlL -la and tunlL-lp and the plasma from the molluscs 
Planorbarius comeus and Viviparus ater contain the cytokine-like 
molecules that resemble IL-1 a , IL-lp, IL-2, IL-6 and TNF-a (Ottaviani et 
al., 1993).
Studies, such as the above, indicated the likelihood of finding a 
similar molecule in B,glabrata. This molecule may also be able to function 
like a mammalian cytokine and be capable of activating snail hemocytes to 
a state capable of damaging invading schistosomes. There is evidence that 
B. glabrata plasma contains soluble factors with functional similarities to 
the mammalian cytokine IL-1 (Granath et al., 1994). A bioassay using a 
murine cell line indicated that plasma from the 10-R2 and 13-16-Rl 
resistant strains had significantly higher levels of IL-1-like activity than the 
susceptible M-line strain. Following exposure of the snails to schistosome 
miracidia the IL-1-like activity decreased in the susceptible M-line strain 
and the 10-R2 resistant strain but greatly increased in the resistant 13-16- 
R l strain. An immunoassay for the measurement of human IL-13 showed 
a similar pattern with both M-line and 10-R2 plasma IL-1 levels dropping 
and the resistant 13-16-Rl plasma level increasing following exposure to 
the parasite.
2 2
The use of recombinant human IL-1 (rhIL-1) both in in vitro and in 
vivo studies showed that this cytokine could act to upregulate snail immune 
responses. The addition of rhIL-1 to monolayers of B. glabrata hemocytes 
from susceptible M-line and resistant 13-16-Rl snails significantly 
increased the rate of hemocyte phagocytosis of yeast particles and also the 
production of superoxide radicals during phagocytosis. Injection of rhIL-1 
into susceptible M-line snails significantly lowered shedding of cercaria 
compared to controls and also increased the percentage of phagocytic and 
superoxide-producing cells (Connors et al.,1995). These results indicate 
that the IL-1-like molecules found in snail plasma may also act to 
upregulate hemocyte activity and cytotoxicity.
Hemocytes from both susceptible and resistant strains of B. glabrata 
are capable of encapsulating 5. mansoni larvae in vitro (Bayne et al., 
1985). They can recognize the parasite and form a capsule of cells around 
the sporocyst’s tegument. However, the susceptible hemocytes apparently 
cannot damage the tegument while resistant hemocytes can break apart and 
phagocytose the tegument. There is evidence that resistant plasma can 
induce cytotoxicity in susceptible hemocytes but is not necessary for 
activation of resistant hemocytes. This indicates that the hemocytes may be 
a source of the transferable plasma factor necessary for activation to the 
cytotoxic state.
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1.2, Research Objectives
The experiments conducted for this thesis were designed to further 
characterize an IL-lp-like molecule found in the hemolymph of the 
schistosome-resistant 13-16-Rl strain of B. glabrata. Additionally, 
determining the sequence of the gene responsible for production of this 
protein would allow it to be positively identified as a member of the 
cytokine family and experiments were performed in an attempt to obtain 
DNA sequence of the putative snail interleukin gene. Bioassays and 
inununoassays have shown that a soluble B. glabrata plasma component has 
functional and immunological similarities to mammalian IL-1 p. Further 
characterization of the protein was performed by induction of the protein 
from hemocytes after exposure to various concentrations of 
lipopolysaccharide (LPS). Additionally, the LPS-treated hemocyte 
monolayers were tested for the presence and induction of another cytokine, 
tumor necrosis factor-alpha (TNF-a). Characterization of the putative 
snail IL-1P gene was attempted by producing a cDNA library and 
designing and isolating appropriate probes for the putative snail interleukin 
gene contained in this library. PGR primers designed from consensus 
sequences of mammalian IL-lp genes were used to obtain DNA sequences 
from snail template DNA. These sequences were matched against known 
IL-ip nucleotide and amino acid sequences for areas of sequence 
similarity.
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specifically, the goals of this research were:
1. Design of PCR primers capable of recognizing a snail DNA sequence 
with similarity to vertebrate IL-ip consensus regions. PCR 
amplification of snail DNA followed by sequencing of the product(s) 
to determine if there are regions of sequence similarity between any 
known vertebrate IL-lp gene and the snail amplicons.
2. Production of a cDNA library from 13-16-Rl mRNA isolated from 
snail head-foot tissue and naïve hemocytes separated from snail 
hemolymph. A DNA oligonucleotide designed from a consensus 
mammalian IL-lp gene region, and polyclonal antibodies to rhIL-1 
were used to probe the cDNA library for the putative IL-1 gene.
3. Induction of hemocyte monolayers from 13-16-Rl B, glabrata treated 
with various concentrations of LPS to produce higher levels of the 
snail IL-lp-like protein and a TNF-a-like protein. Immunoassay of 
hemocyte monolayer supernatants for the presence and induction of 
the snail IL-lp and TNF-a proteins.
It was anticipated that these experiments would help elucidate one of 
the mechanisms used by the B. glabrata immune system to activate an 
effective response to the invading schistosome. Vertebrate immune 
systems make use of cytokines as activators and signals. The identification 
of an invertebrate homolog may yield insights into the evolution of 
cytokines.
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C hapter 2
MATERIALS AND METHODS
2.1. Snail Colony Maintenance
The schistosome-resistant 13-16-Rl strain of B. glabrata used in this 
research was maintained in continuous culture in 40 liter aquaria with 
constant aeration and fed leaf lettuce twice weekly. Snails were kept at a 
constant temperature of 26° C and subjected to a 12-hour photoperiod. 
Snails were removed and placed in clean aquaria every 6 months.
2.2. Snail Tissue and Hemolymph Collection.
For collection of tissue used for purification of DNA and RNA,
adult snails (15-20mm shell diameter) were placed in 1 liter containers of
well water plus ampicillin (100 ug/ml) with approximately 10 snails in 500
ml of treated water. Snails were incubated in the antibiotic solution
overnight without food. After incubation the snails were chilled on ice in
the antibiotic solution for 30 minutes. The headfoot was then dissected by
cutting through the shell with a sterile razor blade, the tissue was rinsed in
sterile ice cold phosphate-buffered saline formulated for use with B.
glabrata tissue (Yoshino, 1981) and then quick frozen in liquid nitrogen
and stored at -70® C until used.
Hemolymph was collected from snails with a minimum 12 mm shell
diameter. Snails incubated in antibiotic solution were dried and swabbed
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with 70% ethanol to sterilize the outer shell. Sterile forceps were used to 
break back the snail shell and a micropipetter with a sterile micropipette 
tip removed the exuded hemolymph. Plasma and hemocytes were 
separated by centrifugation to pellet the hemocytes. Hemolymph, plasma, 
or pelleted hemocytes were collected in sterile microfuge tubes and stored 
at —70° C. Hemocyte monolayers were formed by placing hemolymph in 
individual wells of sterile 96-well cell culture plates.
2.3. DNA Extraction
Molluscan DNA was extracted by modifying a hexadecyltrimethyl- 
ammoniumbromide (CTAB) extraction method (Winnepenninckx et al., 
1993). Previously frozen snail tissue was ground to a fine powder under 
liquid nitrogen and then placed into a CTAB extraction buffer (2% w/v 
CTAB, 1.4 M NaCl, 0.2% v/v 2-mercaptoethanol, 20 mM EDTA, 100 mM 
Tris-HCl pH = 8.0, 0.1 mg/ml proteinase K) modified by the addition of 
10% sodium dodecyl sulfate (SDS) and preheated to 60° C. The suspension 
was incubated at 60® C overnight or until the solution became clear. After 
incubation the suspension was extracted once with an equal volume of 
chloroform/isoamyl alcohol (24:1) that was mixed by shaking for 15 
minutes followed by a 5 minute, 12,000 x g, centrifugation step to separate 
out the proteins. The aqueous phase, containing nucleic acids, was
removed and precipitated with 2/3 volume of isopropanol. The DNA was
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pelleted by centrifugation and then washed with an ethanol/ammonium 
acetate solution (76% ethanol, 10 mM ammonium acetate). After air 
drying, the DNA was resuspended in an appropriate volume of Tris-EDTA 
(TE) buffer (10 mM Tris-HCL, 1 mM EDTA, pH 8,0). To obtain RNA- 
free DNA, the suspension was incubated with RNase H (10 ug/ml) for 1 
hour at 37° C followed by precipitation of the DNA with two volumes of 
ice cold 100% ethanol. Purity of the DNA solution was determined by the 
ODzg/ODggo ratio and the DNA concentration determined by the ODjeo 
reading (Sambrook et al., 1989).
2.4. RNA Extraction
Molluscan RNA was extracted using TRI Reagent (Sigma Chemical 
Co., St. Louis MO). Snail headfoot tissue, ground to a fine powder under 
liquid nitrogen, or hemocyte pellets were homogenized in TRI Reagent (1 
ml per 50-100 mg of tissue) and incubated for 5 minutes at room 
temperature. Chloroform was added (0.2 ml per ml of TRI reagent), 
shaken vigorously, and incubated for 15 minutes at room temperature.
The resulting mixture was separated by centrifugation at 12,000 x g for 15 
minutes at 4° C. The upper aqueous phase containing the RNA was 
removed and the RNA was precipitated with isopropanol (0.5 ml per ml of 
TRI reagent). The RNA was pelleted by centrifugation and the pellet was
washed with 75% ethanol, air dried and resuspended in distilled water.
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RNA concentration was determined by ODj^o and RNA purity determined 
by the ODjôq/ODjso optical density ratio.
2.5. Snail mRNA Isolation
Snail mRNA isolation was performed with the MessageMaker 
Reagent Kit (Life Technologies, Gibco BRL,Gaithersburg, MD). mRNA 
[poly(A)^ ] was purified from total RNA extracted from snail tissue and 
pelleted hemocytes through binding to oligo(dT) cellulose. This method 
utilizes the poly(A) tails found on the 3' ends of eukaryotic mRNA that 
bind to oligo(dT) sequences bound to the surface of cellulose beads in the 
presence of high salt buffer. Ribosomal RNA, which constitutes the 
majority of total RNA, is selected against and was eluted while the polyA^ 
mRNA remained bound. A 0.5 M NaCl buffer wash and a 0.1 M NaCl 
buffer wash was followed by a 65° C distilled water elution step. A 2x 
selection procedure yielded between 1-3% recovery of mRNA from total 
RNA with less than 10% ribosomal RNA contamination.
2.6. Construction of a cDNA Library
A B. glabrata cDNA library was produced using the Stratagene ZAP
Express cDNA Synthesis Kit and the ZAP Express cDNA Gigapack III
Gold Cloning Kit (Stratagene, La Jolla, CA). As recommended, 5 ug of
poly(A)-enriched mRNA from the schistosome-resistant 13-16-Rl strain of
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B. glabrata provided the template for cDNA synthesis. The primer for the 
mRNA template was a 50-base oligonucleotide containing a poly(dT) end 
and an Xho 1 restriction enzyme site. Moloney murine leukemia virus 
reverse transcriptase was used to produce the first strands of cDNA from 
the snail mRNA. Incorporation of [a-^^P]dATP into the first and second 
strands allowed tracking of the product throughout the procedure. The 
mRNA bound to the first strand cDNA was nicked by RNase H providing 
many fragments to act as primers for nick-translation of the single­
stranded cDNA template to double-stranded DNA by DNA polymerase I. 
The overhanging cDNA termini were blunted by the action of Pfu DNA 
polymerase and 9- and 13-mer oligonucleotides having EcoBl cohesive 
ends were ligated to the double-stranded cDNA segments by T4 DNA 
ligase. After heat inactivation of the ligase the Eco RI cohesive ends were 
treated with kinase to allow its ligation to dephosphorylated vector arms.
A digestion with Xho I prepared the cDNA fragments for ligation to the 
ZAP Express vector arms. The Xho I site allows the cDNA segments to be 
incorporated into the vector in a sense orientation with respect to a lacZ 
promoter. The fragments were size-fractionated in a Sephacryl S-500 spin 
column and precipitated and resuspended before ligation into the vector by 
T4 DNA ligase.
The ZAP Express vector is capable of accommodating DNA inserts
of up to 12 kilobases (kb). It allows prokaryotic expression of the inserted
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gene segment with the lac promoter. The library can be screened by DNA 
or antibody probes. After ligation the vector was packaged into lambda 
phage heads using the Gigapack III packaging extract. Host bacteria for the 
lambda phage containing the ZAP Express vector is the RecA E. coli 
strain, XL-1-Blue MRF’. Titering of the cDNA library was performed by 
infecting the bacterial host XL-1 Blue MRF’ with a specific volume of the 
lambda phage and plating the bacteria in a lawn of NZY top agar 
containing isopropyl-1 -thio-P-D-galactopyranoside (IPTG) and 5-bromo- 
4-chloro-3-indoyl-b-D-galactopyranoside (X-gal). Background plaques 
were blue and presumed recombinant plaques were clear in color. The 
library was amplified by plating a lawn of phage-infected XL-1 Blue MRF’ 
on NZY agar without IPTG and X-gal. The amplified bacteriophage 
cDNA library was recovered in SM buffer and stored at 4® C in 0.3% 
chloroform or frozen at -80® C in 7% dimethylsulfoxide (DMSG). Titer 
of the amplified library was determined by plaque counts following growth 
of serial dilutions on XL-1 Blue MRF’ bacterial lawns.
2.7. Production of DNA Probes bv PCR
Several sets of PCR primers were designed by comparing the amino
acid and nucleotide sequences of cDNA-derived IL-ip genes from human,
rabbit, mouse, rat, pig, cow, horse, and sheep. There were large areas of
sequence similarity between these mammalian IL-lp genes at both the
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amino acid and the nucleotide levels. Mac Vector 6.5.3 (Oxford Molecular
Ltd., Campbell, CA) was used to determine the best primer sets based on
the mammalian sequences with particular emphasis on the human cDNA
IL-ip sequence (March et al., 1985). Since the PCR templates would come
from human and snail genomic DNA it was necessary to use the human
genomic sequence to determine the expected product size (Bensi et al.,
1987). The optimal primer sets based on the MacVector parameters came
from areas in exons #4 and #5. The forward primers are based on
sequences found between bases 4429 — 4463 near the 3' end of the fourth
exon and the reverse complement primers are based on sequences found
between bases 5813 -  5840. The forward primers were HIL-1 F2
(GTCTGGYCCATRTGAGCTGAARGC) and HIL-1 F3
(RTGARCTGAARGCTCTCCACCTCC). The reverse primers were HIL-
1 B2 (GYRTATCATCTTTCAACACGCAGG), HIL-1 B3
(TGGKSTTATCATCTTTCAACACGC) and HIL-1 B4
(GTGGKSTTATCATCTTTCAACACG). The primers were produced by
Gibco BRL Products (Life Technologies, Grand Island, NY). Human
placental DNA (Sigma) and 13-16-Rl B. glabrata genomic DNA and
cDNA were used as templates in the PCR reactions. The predicted PCR
product length using human genomic DNA is approximately 1400 bp. PCR
was performed using Gene Amp PCR Core Reagents (Perkin-Elmer Corp.,
Foster City, CA). The reactions were run on an Eppendorf Mastercycler
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gradient DNA thermal cycler (Eppendorf Scientific, Inc., Westbury, NY). 
PCR reaction mixture components, templates, temperature, and time cycles 
were optimized following standard protocols (Sambrook et al., 1989).
2.8. Cloning and Sequencing of PCR Products
PCR bands of varying sizes, from an optimized reaction using snail
genomic DNA template, were excised from a 1% agarose gel and each
band was purified from the gel matrix using a QIAquick gel extraction kit
(QIAGEN Inc., Valencia, CA). Each purified DNA band was cloned into
a pCR 2.1-TOPO vector by using a TOPO TA Cloning Kit (Invitrogen
Corp., Carlsbad, CA) and the plasmids were transformed into chemically
competent TOP 10 E. coli cells. Transformants were spread on Luria
broth (LB) plates containing kanamycin (50 ug/ml) and X-Gal (40 mg/ml
in formamide, 1.6 mg/plate) and the white colonies (presumed containing
DNA insertion) were grown overnight in LB with 50 ug/ml kanamycin.
The plasmids containing the inserted DNA were isolated from culture
using the QIAprep Miniprep Kit (QIAGEN Inc.). Several plasmid preps
were restriction digested to confirm the presence and size of the inserted
DNA by using the EcoRl restriction sites flanking both sides of the
multiple cloning site in the vector. The plasmid DNA was ethanol
precipitated, resuspended in distilled water and the concentration
determined by 260 nm spectrophotometer reading. DNA sequencing was
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carried out using a Perkin-Elmer ABI PRISM Dye Terminator Cycle 
Sequencing Core Kit (PE-Biosystems, Foster City, CA). Sequencing 
reactions were run directly on the PCR 2.1 TOPO cloning vector using 
either the T7 forward primer (T A AT ACG ACTC ACT AT AGOG) or the 
M l 3 reverse primer (C AGO A A AC AGCT ATG AC) provided with the 
TOPO TA cloning kit. The sequencing reaction contained 50 ng of either 
forward or reverse primer, 1 ug of double-stranded plasmid DNA, 7 ul of 
BigDye Terminator, and distilled water added for a total volume of 20 ul. 
The sequencing reactions were run in an Eppendorf thermocycler at 95° C 
for 10 seconds, 50° C for 20 seconds, and 60° C for 4 minutes for a total 
of 45 cycles. The reactions were freed of excess dye terminators by 
centrifugation through CENTRI-SEP columns (Princeton Separations, 
Adelphia, NJ) and the flow-through was dried and resuspended in 
formamide/EDTA (deionized formamide with 50 mM EDTA containing a 
5:1 ratio of 50 mg/ml blue dextran). Samples were boiled for 5 minutes 
and placed on ice until they were loaded onto the sequencing gel. 
Sequencing was performed on a Perki-Elmer 377 sequencer. The 
sequence obtained was analyzed using either Sequencher 4.0 (Gene Codes 
Corp., Ann Arbor, MI) or MacVector.
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2.9. Production of DNA Probe by RT-PCR
DNA probes for the cDNA library were made using RT-PCR with 
Superscript II RNase H Reverse Transcriptase and 01igo(dT)i2.i8 Primer 
(Gibco BRL, Rockville, MD). First strand cDNA synthesis was 
performed using total RNA purified from snail tissue and mRNA purified 
from snail tissue and pelleted hemocytes. The cDNA first strands were 
then used in a standard PCR reaction using mammalian consensus 
sequence primers.
2.10. Production of a Synthetic Oligonucleotide Probe
A more specific oligonucleotide probe was designed using the 
previously noted mammalian cDNA IL-ip sequences as well as those from 
cat and goat genes. This oligonucleotide is 54 bases in length and its 
sequence is taken from the human IL-1 P cDNA gene, bases 511 -  564. 
Identity to this sequence from other mammalian IL-lp genes observed 
varied from 94% (mouse IL-lp gene) to 76% (cat IL-ip gene). The 
Murdock Molecular Biology Facility at The University of Montana 
produced the 54-base oligonucleotide.
2.11. DNA Screening of cDNA Library
Phage-infected bacteria were plated in a lawn on 150-mm NZY agar
plates to approximately 50,000 plaque forming units/plate. After
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incubation overnight at 37® C and chilling for 2 hours at 4® C, the phage 
plaques were covered with a nitrocellulose membrane to absorb the phage. 
The phage were denatured on the membrane with a 0.5 M NaOH, 1.5 M 
NaCl dénaturation solution, neutralized for 5 minutes in a 1.5 M NaCl, 0.5 
Tris-HCl (pH 8.0) solution, and rinsed in 0.2 M Tris-HCl (pH 7.5) and 2x 
SSC buffer. The exposed DNA was crosslinked to the membrane with a 
Stratagene UV Stratalinker 1800 crosslinker (Stratagene, LaJolla, CA). 
DNA probes (PCR and oligonucleotide) were labeled by direct nucleic acid 
labeling using an enhanced chemiluminescence system (ECL) (Amersham 
International, Buckinghamshire, England). The DNA probe was 
covalently linked with the enzyme horseradish peroxidase. Cross-linked 
plaque lifts from the cDNA library were pre-hybridized in hybridization 
buffer (provided in kit) at 42® C for 1 hr using a volume of 10 ml buffer/ 
nitrocellulose blot. The labeled probe was added at a concentration of 
lOng/ml of hybridization buffer and incubated overnight at 42° C. The 
blots were washed in primary wash solution (6M urea, 0.4% SDS, 0.5x 
SSC) at 42° C twice for 20 minutes and once for 5 minutes followed by a 5 
minute secondary wash in 2x SSC. Blots were incubated for 1 minute at 
room temperature in 5 ml of detection buffer, wrapped in plastic and 
placed with the cDNA side against a sheet of autoradiography film 
(Hyperfilm-ECL). Length of exposure was tested at 10, 30 and 60 minutes
to optimize signal strength on the film.
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2.12. Antibody Screening of cDNA Library
Phage-infected bacteria were plated in a lawn on 150 mm NZY agar 
plates to approximately 50,000 plaque forming units/plate. After 
incubation for 3.5 hours at 42° C a nitrocellulose membrane that had been 
impregnated with 10 mM IPTG was placed over the agar surface. The 
plates were incubated overnight at 37°C, the membrane was removed and 
immediately rinsed in a large volume of 10 mM Tris-Cl (pH 8.0), 150 mM 
NaCl, 0.05% Tween 20 (TNT), then rinsed and washed in TNT once more. 
The membranes were transferred to blocking buffer (5% nonfat dried milk 
in TNT) and blocked for 30 minutes. The membranes were incubated in 
blocking buffer containing a polyclonal anti-human IL-1 antibody for 1 
hour at room temperature, washed four times in 1 hour with blocking 
agent and incubated with 15 ul of Protein A-peroxidase in 50 ml blocking 
buffer for 1-2 hours. The membranes were washed four times in blocking 
buffer, rinsed in distilled water and developed for 5-15 minutes in a 
solution of 0.06g 4-chloro-1 -napthol, 20 ml ice cold methanol, 100 ml of 
20 mM Tris-HCL (pH 7.2), 500 mM NaCl and 250 ul hydrogen peroxide. 
Immunopositive plaques were identified by a blue-black color at the plaque 
edges.
2.13. Lipopolysaccharide (LPS) Induction of Hemocyte Monolayers
Hemolymph was collected from 12-20 mm diameter 13-16-Rl B,
glabrata snails by head/foot puncture. To improve the ability to obtain
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sterile hemolymph, the snails were incubated overnight in well water 
containing 100 ug/ml ampicillin. Instruments for the head/foot puncture 
were washed and maintained in 70% ethanol before each use. Individual 
snails were surface sterilized in 70% ethanol prior to hemolymph 
collection, and all hemolymph was collected and transferred with sterile 
pipette tips. Aliquots of hemolymph from individual snails were placed in 
sterile 96 well microtiter plates and treated with various concentrations of 
LPS that had been dissolved in Chemin’s balanced saline solution (CBSS) 
with sugars (Chemin, 1963). The hemocyte monolayers were incubated 
for 6, 12, 24 or 48 hours at room temperature in a humidity chamber in 
the dark. After incubation, the wells were viewed for obvious bacterial 
contamination using an inverted microscope and clean samples were 
removed and centrifuged to remove the hemocytes. The cell-free plasma 
was frozen in individual microfuge tubes and stored at -20® C.
2.14. Enzyme Linked Immunosorbent Assay (ELISA) of Snail Plasma
ELISA’s were performed on snail plasma from LPS-induced
monolayers of 13-16-Rl B. glabrata hemocytes using Predicta interleukin
ip  (IL-lp) and tumor necrosis factor alpha (TNF-a) cytokine assay kits
(Genzyme Corp., Cambridge, MA). The IL-ip kit uses a mouse
monoclonal anti-IL-ip antibody bound to the wells of a microtiter plate.
IL-ip in the sample binds to the antibody and is visualized by binding of a
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peroxidase-labeled antibody complex followed by addition of the substrate 
to form a color reaction that can be quantified by absorbance at 450 nm. 
The TNF-a ELISA kit uses a mouse monoclonal anti-TNF-a antibody to 
bind any TNF-a in the sample and its presence is visualized and quantified 
following the IL-ip procedure. A standard curve was produced from the 
kits using recombinant IL-ip and TNF-a protein standards that give a 
range of concentrations from 0 pg/ml to 1024 pg/ml. A control ELISA 
reaction was performed to determine if the snail plasma contained a 
component that non-specifically binds to antibody and produces a positive 
reaction in the human IL-ip kit. A Quantikine Human IL-ip 
Immunoassay kit (R&D Systems, Minneapolis, MN) was used to test for 
non-specific binding of snail plasma. 13-16-Rl plasma was added to plate 
wells coated with a murine monoclonal antibody against IL-lp and 
incubated for two hours. Following a wash step, a polyclonal antibody 
against the outer surface protein, OspC, from Borrelia burgdorferi 
generated in rabbits (1:8000 dilution of anti-OspC in phosphate buffered 
saline (PBS) with 0.05% Tween 20, 5% donor horse serum, and 1% 
dextran sulfate) (PBS-Tween-HD) was added to the wells and incubated for 
1 hour. The wells were washed and an anti-rabbit IgG antibody conjugated 
to horseradish peroxidase (Kirkegaard & Perry Laboratories Inc., 
Gaithersburg, MD) (1:12,000 dilution of the anti-rabbit IgG-conjugate in
PBS-Tween-HD) was added to the wells and incubated for 1 hour.
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Following a final wash, the substrate for horseradish peroxidase was added 
and incubated for 20 minutes while the reaction developed. After the 
addition of a stop solution, the intensity of each reaction was determined by 
the optical density of each well at read at 450 nm on a Labsystems 
Multiskan Plus microplate reader (Fisher Scientific, Pittsburg, PA). The 
appropriate dilutions for the OspC antibody and the anti-rabbit IgG- 
conjugate were determined by ELISA to determine the background levels 
of these antibodies in the assay. Various concentrations of the antibodies in 
PBS-Tween-HD were placed in wells and incubated without snail plasma. A 
1:8000 dilution of OspC followed by the addition of a 1:12,000 dilution of 
anti-rabbit IgG-conjugate gave a low level background equivalent to 20.9 
pg/ml when compared to the standard provided in the kit.
2 .15. Agarose Gel Electrophoresis
DNA, RNA and cDNA samples were separated using agarose gel 
electrophoresis following standard protocols (Sambrook et al., 1989).
Snail and human genomic DNA and restriction digests of genomic DNA 
were separated using 1% agarose gels, while RNA (total and mRNA), 
cDNA and PCR fragments were separated using 1.5% agarose gels. The 
gels were run with Tris-acetate/EDTA electrophoresis buffer containing 
ethidium bromide (0.5 ug/ml) to stain the nucleic acids. The bands were
40
visualized by ultraviolet light (302 nm) using a UV transilluminator 
(Fotodyne Inc., New Berlin, WI).
2.16. Statistical Analysis
Data were recorded from ELISA experiments conducted on 
individual treated and untreated snail hemocyte monolayers. Hypothesis 
testing using a t -test with a level of significance set at a  = 0.05 was 
performed using DataDesk (Velleman, 1998).
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Chapter 3
RESULTS
3.1. 13-16-Rl Genomic DNA Extraction
The extraction of snail genomic DNA, with the purity required to
perform restriction digestion and PCR amplification, became a critical
step. A number of protocols were used but none yielded sufficiently pure
DNA when tested in digests and PCR reactions. Standard DNA extraction
techniques routinely yielded snail genomic DNA with a 260nm/280nm
spectrophotometer ratio of between 1.5 to 1.7. However, DNA extracted
from snail tissue is usually contaminated with mucopolysaccharides that
co-purify with, and bind to, the DNA. These substances, or perhaps other
protein contaminants, apparently inhibited both restriction digestion and
PCR amplification most likely by inhibiting contact between the DNA and
enzymes or primers. Therefore it became necessary to combine several
techniques to yield a sufficiently pure product. An overnight 60° C
incubation in extraction buffer containing 2% CTAB, 1% SDS, 1 mg/ml
proteinase K and 0.2% 2-mercapto-ethanol followed by extraction of
proteins with chloroform/isoamyl alcohol (24:1 ratio) and precipitation of
DNA from solution using isopropanol consistently yielded clean DNA
suitable for manipulation. The 260nm/280nm ratio obtained after the
modified extraction was in the range of 1.8 to 1.9. Protein extraction with
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chloroform/isoamyl alcohol allowed greater yields of DNA than 
extraction with standard phenol/chloroform methods. The use of 
phenol/chloroform seemed to yield smaller amounts of DNA due to the 
number of extractions necessary to properly purify the DNA and to 
remove residual phenol.
3 .2 . PCR Amplification from Human and Snail DNA Templates
Forward primer HIL-1 F2 was degenerate in 3 bases while the
reverse primer HIL-1 B2 was degenerate in 2 bases. These two primers
were specific for the human IL-ip sequence and the PCR product
expected from human template DNA would be 1406 bases in length.
However, a BLAST search indicated that there were other areas in human
genomic DNA that had sequence similarity to the primer set and that
several products may be produced in the PCR reaction. When used with
100 ng of human genomic template DNA and an annealing temperature of
56.9° C, primer set HIL-1 F2/B2 produced several major bands on a 1%
agarose gel. This primer set and annealing temperature produced the
fewest bright bands compared to the other primer set and various
annealing temperatures. The uppermost of the two brightest bands was
approximately 1.4 kb and the lower band was approximately 1.2 kb (Fig.
1). Primer set HIL-1 F3/B3 when used with various amounts of 13-16-Rl
B, glabrata template DNA (100-500 ng) and an annealing temperature of
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Figure 1. 1% agarose DNA gel of PCR reactions using human and snail
template DNA. DNA markers (MW) are in kilobases (kb). The Human 
lane contains DNA bands from a PCR reaction using primers F2/B2 and 
human template DNA with an annealing temperature of 56.9° C. The two 
major bands produced were approximately 1.4 kb and 1.2 kb. The Snail 
lane contains DNA bands from a PCR reaction using primers F3/B3 and 
snail template DNA with an annealing temperature of 55° C. The major 
bands produced were approximately 1.8 kb, 1.6 kb (doublet), 1.0 kb, and 
0.6 kb.
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55° C consistently produced five major bands of approximately 1.8 kb, 1.6 
kb (doublet), 1.0 kb, and 0.6 kb (Fig. 1).
3 .3 . Cloning and Sequencing of Individual Bands from Snail PCR
Five bands were chosen for cloning and sequencing from the snail
template PCR reaction. The 1.6 kb bands from two lanes of a PCR
reaction using the F2/B2 primers, the 1.6 kb, 1.0 kb, and 0.6 kb bands
from two lanes of a PCR reaction using the F3/B3 primers, and the 1.6 kb
bands from two lanes of a PCR reaction using the F3/B4 primers were
excised from the gel (Fig. 2). The DNA was purified and cloned into the
pCR 2.1-TOPO vector. The cloning reactions produced 24 colonies from
the 1.6 kb band, 10 colonies from the 1.0 kb band, and 12 colonies from
the 0.6 kb band. Each individual colony was grown overnight and the
plasmids were isolated. Five colonies were chosen at random for
amplification,plasmid isolation, and restriction digestion of the plasmids to
determine if an insert was present in the vector and if it was of the
anticipated size. Three colonies from the 1.6 kb band, one colony from
the 1.0 kb band, 1 colony from the 0.6 kb band, and a vector only control
colony were chosen. The results of the EcdRX digest showed that DNA
had been inserted in the vectors and also that for the 1.6 kb band there
were several PCR inserts in the originally excised band since the
restriction patterns were distinct for each clone (Fig. 3). All digests
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Figure 2. 1% agarose gel of PCR reaction products from three primer
sets with snail template DNA. DNA markers (MW) are in kilobases (kb). 
Duplicate lanes using primers F2/B2 (F2/B2) had the 1.6 kb band (#1) 
excised for purification and cloning. Duplicate lanes using primers F3/B3 
(F2/B2) had the 1.6 kb band (#2), the 1.0 kb band (#3), and the 0.6 kb 
band (#4) excised for purification and cloning. Duplicate lanes using 
primers F3/B4 (F3/B4) had the 1.6 kb band (#5) excised for purification 
and cloning.
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Figure 3. 1% agarose gel of an EcoRl restriction digest of TOPO 2.1
vector containing excised and purified PCR DNA from selected clones. 
DNA markers (MW) are in kilobases (kb). Lanes 1-6 contain a 3.9 kb 
plasmid vector band. Lane 1 contains a single 1.6 kb band from a 1.6 kb 
cloned insert. Lane 2 contains an approximately 1.4 kb band and a 0.2 kb 
band from a 1.6 kb cloned insert. Lane 3 contains 0.6 kb and 0.4 kb 
bands from a 1.0 kb cloned insert. Lane 4 contains a 0.6 kb band from a 
0.6 kb cloned insert. Lane 5 contains 1.1 kb, 0.6 kb, 0.4 kb, 0.25 kb and 
0.2 kb bands from a 1.6 kb cloned insert. Lane 6 is the vector only 
control.
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performed contained the 3.9 kb plasmid band. In addition to the plasmid, 
the inserted 1.6 kb product from primers F2/B2 showed a single 1.6 kb 
band from the restriction digest. The inserted 1.6 kb product from 
primers F3/B3 showed a 1.4 kb and a 0.2 kb band from the restriction 
digest. The inserted 1.6 kb band from primers F3/B4 had five distinct 
bands of 1.1 kb, 0.6 kb, 0.4 kb, 0.25 kb, and 0.2 kb from the restriction 
digest. The inserted 1.0 kb band digest had bands of 0.6 kb and 0.4 kb and 
the inserted 0.6 kb band digest had a single 0.6 kb band. The vector only 
control digest had a single 3.9 kb vector band and a faint 0.5 kb band.
All the colonies were used in the sequencing reactions since it was
unclear what size product could be expected from the various primers
used with snail template DNA. All the sequences obtained from the clones
were run through the Sequencher program where areas of poor sequence
were deleted and the sequences were aligned and observed for any
contiguous sequences between the forward and reverse primers. All the
reactions produced a minimum of 700 bases of sequence. There were two
contiguous sequences aligned and they were both from clones from the 1.0
kb PCR band. All sequences containing all or part of the forward or
reverse PCR primer sequences were aligned in Sequencher. From the
forward sequences 13 of 23 were unique and the other ten aligned in five
pairs indicating that from the three PCR bands there were 18 unique
products. From the reverse sequences 10 of 27 were unique and the other
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17 aligned in various pairings yielding 17 of 27 unique products from the 
three PCR bands. All sequences were submitted for a BLAST search using 
the blastn program and all sequences were translated to amino acids in all 
three frames and submitted for a blastp program search. The only areas of 
sequence or amino acid similarity were found in the PCR primer 
sequences. The two contiguous sequences, Contig 17 and Contig 19, were 
BLAST searched using blastn, blastp, blastx, and tblastx. They and the 
other sequences with complete primer sequences were translated to amino 
acids in all three frames and aligned to selected mammalian and vertebrate 
IL -ip  sequences using the Clustal alignment tool in MacVector. Aside 
from the primer sequences there were no areas of amino acid sequence 
similarity in any of the tested sequences. Contig's 17 and 19 and all 
reverse sequences from the 1.6 kb cloned band were submitted to a PSI 
Blast search to determine if they contained protein motifs common to 
other IL -iP ’s but no common sequences were observed.
The contiguous sequence obtained from one of the 1.0 kb PCR band 
clones, contig 17, was:
A TTGSGCCCTCTA GA TG CA TG CTCG AG CG GCCGCCAG TG TG
ATGGATATCTGCAGAATTCGCCCTTATGAGCTGAAGGCTCTC
CACCTCCGATGCCTAAGGCGGATCTTTAAAATAAGGTGGCAAGAT
AAGATAACMAATGAGGAAGTGCTACATAGAGCAGGATGCCAGGA
CATYCGCTCTGTTATCAGCAGCAGACGCCTTGGCTGGCTTGGCCA
CGTTCGTAGAATGCCAGTAGGTCGACTTCCACAGGACATCCTGTA
TGGCGATCTAATTGAAGGCAGGAGAGCCGCTGGTCGCCCACTTTT
ACGTTATACGGATGTATGCAAACGCGACATGAAGCTCTTCAAAAT
CGACACTGGCAACTGGGAAGAGGTGGCACTGGACAGATGCACAT
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GGAGAGAGAGCATAAAGGAAGGGTCACAGATTGCAGATGTCATA
CACAACAGAAGCAGAAAGAAGGGTGAAAATGCAATGGCGCCTGG
TGATTTTATATGCCCAACCTGTGATCGCAGCTGTGTATCAAGGAT
TGGCCTCTTTAGTCACACAAGAAGTTGCAAAGGGAAAAGATCGTC
TCGCGAGACGTAAAATGCCACAGAAACATTTTTACCAGTGGCAAG
GCTCCCTTAATAAACTGCAGTGAATAGTCATCTACCGAAATCGAA
AAACACTAAATGTAGCTCAACAAAGATAGCTAAGACAGATTTTA
GGAGTCAAGTTATAGAAGATCGGGTCTAAATCAAGGAAATCATA
TGCCGTACTGGGAGTCGACCCCTTAGTAAGATTGTGAGAGAACGA
CGCATGAGGTTTGCGGGACATGTTCTCCGACAAACTGAATTACGC
ATAAGAAGAGTTGCAATGATATCCTAGTACAACTTGACGCCACTC
ATTCATGGAGGTCCTCATGGGAGGTGGAGAGCCTTCAGTTCATA
AGGGCGAATTCCAGCACACTGGCGGCCGTTACTAGGGATC
CGAGCTCG G TA CCA AG CTTG G CGT
(TOPO cloning vector sequences in bold)
The contiguous sequence from a second of the cloned 1.0 kb PCR bands, 
contig 19, was:
G CCCCCTCTAGATGCATGCTCGAGCGGCCCGCCAGTGTGAT
GGATATCTGCAGAATTCGCCCTTATGAACTGAAAGCTCTCCAC
CTCCCCGCGAGAAAGAGTCCTGGTTAAGCGAATGATCAAAAGTGT
TTCAATGTTAGGCCTTTAGATGTAGACTTAATAAGACGATGTGCA
CATTTTTCCTGACCATTAATTTATTAAATTCTTGAATCTAGAATG
TTCTATAATGTCTTTCATTCAGAAATTCCGGAACGCGATATTTCT
TTCAAGAACGTGAAAGTCAAAAGTAAATTTGTGCGATTAAAAAT
g t t t t c a t t c a t c t t t t t t g t t t a g c g c a a t g t t c a t g t t t a t a g c
ATGCTCAGTGCGCTATGGTTCTAGATCTATCATATTGTGGACCAG
TGATGTGGGGGAGGGTGTAGCTGGGAGAAGGTTTCCTTTCTGCCT
TTTCAACAAGAATTTmTTTTATTTGCTCGAGTCTAAATTTGAT
GAAAAGTCAACATGTTAGCCACCAAAAGCTTATAAAAGTAGAAA
GTATTATAGTCTTTTGTTAGTTCAACATTTGTGTGTGTGACCTTA
TTCTAAATTAAAGGCTTACCTCCCCATAGCTTAGTAGACCCCCAA
TAACCCTAAACTATATAACATTAATTATATACGACATATTGATTC
AAGGGAAACTCCGATGGTTTTGACAATCTTTGATATAATATGTGT
TTTGATTTACAGATAATTATTCTTTTTTTTTTAGTTTTGCAATAAT
AACTTAGTAATTGATGCTTTTCTGAAATTTTTTCTGCGAATCCAA
AATGATCAGATTTTTGCCGGGTTTCTATGTGACGTCACACTAATC
TATTAATTTAATCTGTTGACTTATTGTATAACGGGAGACCATACA
GTAAAGTTTACATTCTAGTAAAAGAAATAAATCTTCGTCTATGCA
GTTAGATCTAGATCTTGTAAGCAAAGAAAAAAATGCGTGTTGAA
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AGATGATAACCCCAAAGGGCGAATTCCAGCACACTGGCGGCC 
G TTACTAGGGATCCGAGCTCGGACCAAGCTGGCGNA 
(TOPO cloning vector sequence in bold)
3 .4 . Production and Probing of a B. glabrata cDNA Library
A 13-16-Rl cDNA library was produced using mRNA isolated 
exclusively from 13-16-Rl headfoot tissue. The titer of the primary 
library was 7.3 x 10"̂  pfu/ml of which 4.0 x 10"̂  pfu/ml were phage 
containing an insert. The phage library was amplified to 1.1 x 10*® 
pfu/ml. This library was probed by Southern blotting using a consensus 
oligonucleotide and by immunoblotting of plaque lifts using a rabbit rhlL- 
1 polyclonal antibody. No positive plaques were isolated. Another cDNA 
library was produced containing a majority of mRNA from 13-16-Rl 
head/foot tissue but enriched with mRNA extracted from 13-16-Rl 
hemocytes pelleted by centrifugation from snail hemolymph. 
Immunoblotting of this library yielded no specifically positive plaques. 
The lowest concentration of antibody that yielded detectable signals also 
gave a positive signal for all plaques due to non-specific binding. No 
specific positive plaques were observed with the antibody assay. Southern 
hybridization using the oligonucleotide probe also yielded no specific 
positive plaques.
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3.5 . Induction of Snail Interleukin in 13-16-Rl Hemocyte Monolayers 
The baseline level for IL -lp  in 13-16-Rl plasma from hemocyte 
monolayers with no treatment was 81 pg/ml (n = 12, SE±15). A 6 hour 
incubation with 50 ng/ml LPS increased the IL -lp level to 109 pg/ml (n = 
7, SE±28). A 6 hour treatment with 100 ng/ml LPS increased the IL-lp 
level to 144 pg/ml (n = 9, SE±30). A 6 hour treatment with 200 ng/ml 
LPS had an IL -lp  level of 112 pg/ml (n=8, SE±24). A 12 hour treatment 
with 100 ng/ml LPS had an IL -ip level of 78 pg/ml (n = 9, SE+20). A 12 
hour treatment with 200 ng/ml LPS increased the IL -ip  level to 176 
pg/ml (n = 10, SE±30). A 24 hour treatment with 50 ng/ml LPS 
increased the IL -ip  level to 175 ng/ml (n = 5, SE±17). Based on a pooled 
t-test analysis, these data show that there was a significant increase of IL- 
ip  activity detected by the ELISA test between the baseline plasma level 
(no LPS) of 81 pg/ml and the 12 hour, 200 ng/ml treatment level of 175 
pg/ml (p = 0.0097) and the 24 hour, 50 ng/ml treatment level of 176 
pg/ml (p = 0.0038) (Fig. 4). An ELISA was performed to determine if 
snail plasma was non-specifically binding to the antibodies used in the IL- 
Ip ELISA. An ospC antibody from B. burgdorferi was substituted for the 
polyclonal IL -lp  conjugate in the Quantikine human IL -ip ELISA. Wells 
incubated with snail plasma followed by a 1:8000 dilution of OspC 
antibody and a 1:12,000 dilution of anti-rabbit IgG-conjugate had a
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Figure 4. Bar graph of IL -lp  levels in snail plasma as determined by 
ELISA. Hemocyte monolayers from individual 13-16-Rl B. glabrata 
were treated with various concentrations of LPS for different incubation 
periods. The constitutive level of snail IL -ip  from untreated snails was 
81 pg/ml (SE±15). After a 6-hour incubation with 50 ng/ml LPS the level 
was 109 pg/ml (SE±28), with 100 ng/ml the level was 144 pg/ml (SE±30), 
and with 200 ng/ml the level was 112 pg/ml (SE±24). After a 12-hour 
incubation with 100 pg/ml LPS, the level was 78 pg/ml (SE+20), and with 
200 ng/ml the level was 176 pg/ml (SE±30). After a 24-hour incubation 
with 50 ng/ml LPS the IL -ip  level was 175 ng/ml (SE±17). There was a 
significant increase in IL -lp between the no treatment level of 81 pg/ml 
and the 12-hour, 200 ng/ml treatment level of 176 pg/ml (p = 0.0097) as 
well as the 24-hour, 50 ng/ml treatment level of 175 pg/ml (p = 0.0038). 
(Significant increases denoted by *)
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similar reading to the control wells without snail plasma. Wells with snail 
plasma averaged 19.2 pg/ml (n=4) while control well without plasma 
averaged 20.9 pg/ml (n=2).
3 .6 . Detection of TNF-a in 13-16-Rl Hemocyte Monolayers
Plasma from 13-16-Rl snails used for TNF-a detection was treated 
in the same manner as that used in the IL-1|3 tests. The baseline for TNF- 
a  from the ELISA test showed that plasma, directly from snails with no 
LPS treatment, had a level of 141 pg/ml (n = 8, SE±28). Hemocyte 
monolayers incubated for 24 hours without LPS had a level of 135 pg/ml 
(n = 13, SE±14), monolayers incubated for 12 hours with 50 ng/ml LPS 
had a level of 127 pg/ml (n=7, SE±23), while treatment of hemocyte 
monolayers with 300 ng/ml LPS for 24 hours showed a level of 192 pg/ml 
(n = 14, SE±27) (Fig. 5). A comparison of the data from the 0 hour and 
the 24 hour control groups and the 24 hour 300 ng/ml LPS group showed 
no significant difference at the p = 0.05 level.
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Figure 5. Bar graph of TNF-a levels in snail plasma as determined by 
ELISA. Hemocyte monolayers from individual 13-16-Rl B. glabrata 
were treated with various concentrations of lipopolysaccharide for 
different incubation periods. The constitutive level of snail TNF-a from 
untreated snails at 0-hours was 141 pg/ml (SE±28) and after a 24-hour no 
treatment incubation the level was 135 pg/ml (SE±14). After a 12-hour 
incubation with 50 ng/ml LPS the level was 127 pg/ml (SE±23). A 24- 
hour incubation with 300 ng/ml LPS the level was 192 pg/ml (SE±27).
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Chapter 4
DISCUSSION
The complex interaction between the invading schistosome and the 
internal defense system of its intermediate snail host is a puzzle with many 
pieces. The infection begins when a S. mansoni miracidium physically 
penetrates the snail tegument, transforms to a sporocyst and takes up 
residence in the interior of B. glabrata. During the transformation and 
colonization process the sporocyst produces excretory/secretory (ES) 
products that have been shown to inhibit some components of the snail’s 
immune response. It has been postulated that this stage of the parasite 
acquires snail-derived components on its surface that may inhibit 
recognition by the snail’s immune system (Yoshino and Boswell, 1986).
If S. mansoni is successful at evading the host’s immune response, or the 
snail is incapable of mounting an effective defense, the sporocyst takes up 
residence in the snail’s tissues. The parasite can obtain all necessary 
nutrients from the snail’s plasma and tissues to produce cercariae, the 
infective stage for the mammalian host.
The snail needs both cellular and humoral components to mount an 
effective defense against foreign bodies. Experimental evidence has 
shown that hemocytes from S. mansoni-susccptible strains of B. glabrata 
can recognize and attach to the sporocyst’s tegument but lack the ability to 
induce a killing mechanism against the parasite. However, susceptible
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hemocytes can kill sporocysts in vitro when in the presence of plasma
from schistosome-resistant snail strains. Resistant hemocytes can
encapsulate and kill sporocysts in vitro either with or without resistant
plasma (Bayne et al., 1980; Loker and Bayne, 1982; Granath and Yoshino,
1984). Taken together these results indicate that resistant hemocytes may
themselves produce a substance or substances that activate these cells to a
cytotoxic state. Further, injection of resistant plasma into the open
circulatory system of susceptible snails induces a resistant state in
approximately 60% of those treated, but sporocysts preincubated in
resistant plasma and then injected into susceptible snails produced a high
level of infection (Granath and Yoshino, 1984). This indicates that plasma
factors involved in parasite recognition may not by themselves be capable
of initiating an effective cellular response. Identification and
characterization of the specific humoral components responsible for, and
the cell type(s) producing the components of, this strain-specific cytotoxic
immune response is critical towards understanding the differences
between the S. mansoni-rGsistant and susceptible strains of B. glabrata.
This research was performed to further characterize a soluble
plasma protein found in the S. mansoni-susccptihlc M-line and resistant
13-16-Rl and 10-R2 strains of B. glabrata that has functional similarities
to mammalian IL-ip. Previous results from both an IL-1 inducible cell-
proliferation bioassay and ELISA showed that these three snail strains had
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constitutive levels of an IL-l|3-like molecule (Granath et al., 1994). 
Following exposure to S. mansoni miracidia, the snail strains produced a 
different level of this molecule as measured by ELISA, indicating a 
difference in response between the susceptible and resistant strains. The 
addition of recombinant human IL-ip (rhIL-1) to hemocyte monolayers 
from M-line, 13-16-Rl and 10-R2 hemolymph produced a significant 
increase in the percentage of superoxide-producing phagocytic hemocytes 
in the resistant strains. Additionally, injection of rhIL-1 into susceptible 
M-line snails produced a significant decrease in cercarial shedding 
compared to controls (Connors et al., 1995). Further, the injection of 
rhIL-1 into M-line snails caused a 50% reduction in the number of 
sporocysts surviving in the snail (Connors et al., 1998). These studies 
indicate that the human cytokine IL-lp can act as a functional homolog in 
the snail. These studies also indicate that hemocytes, and perhaps other 
snail cell types, express receptors that can be activated by rhIL-1. 
Therefore, it is likely that the snail produces a protein that functions 
similarly to rhIL-1.
Initially, attempts were made to isolate and purify the snail IL-1
directly from B. glabrata plasma. Hemolymph was gathered from 13-16-
Rl snails since this strain was the most abundant, had the fastest
recovering colonies, and also had the highest level of the IL-lp-like
molecule as measured by ELISA (Granath et al., 1994). The plasma was
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fractionated by using Centricon microconcentrators which isolated 
proteins with a molecular weight of less than 30 kD. The fraction was 
assumed to contain snail IL-1 since vertebrate IL-Ts have molecular 
weights below 30 kD. This fraction was run on an SDS-PAGE gel, 
transferred to a PVDF membrane and immunoblotted with anti-human 
IL-ip antibody produced in rabbits against a recombinant human IL-ip 
protein. This experiment did not indicate a band identifiable as snail IL-1 
using an immunoblot method. The result was likely due to the small 
amount of snail IL-1 previously determined in plasma (in the picomolar 
range), the limited amount of plasma in each snail, and a limited number 
of snails. Due to these difficulties we determined that isolating the gene 
may prove more fruitful.
Due to the functional similarity between human IL-ip and the 
putative snail interleukin it seemed likely that the gene encoding the snail 
protein would have regions of similarity to the vertebrate gene sequence. 
A search of mammalian IL-lp cDNA sequences revealed several 
conserved sequences from a number of manunals, as well as sequences 
from several non-mammalian vertebrates. The mammalian sequences 
were used to design PCR primers that we hoped would produce a product 
from the putative IL-1 gene in snail genomic DNA. Such a PCR product 
could be sequenced to determine similarities between the putative snail
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gene and mammalian genes or used as a probe for a cDNA library to 
isolate the complete snail gene.
Three degenerate primer sets were designed and several rounds of 
PCR performed to optimize the reactions and produce the most specific 
bands possible from snail template DNA. The best reactions still had 
several major and a number of weak PCR products but it was decided that 
sequencing several of the major bands could help determine if the 
genomic PCR strategy was appropriate. After considerable analysis of the 
sequences obtained using BLAST and PSI-Blast searches it was obvious 
that these PCR bands had not been from a putative snail IL-1|3 gene. One 
weakness of the experiment was that the human IL-lp gene consists of a 
series of small exons separated by large introns. The best consensus 
sequences for PCR primers in IL-ip genes from mammals were found in 
separate exons. The forward primers chosen were very close to the 3' end 
of exon #4 and the reverse primers were in the 3' end of exon #5. If these 
primers could recognize and yield a product from snail genomic DNA, 
then based on the human sequence, this product would include only a 
small portion of exon #4 and a larger section of exon #5. These small 
areas may not have amplified enough of the snail exons to show sequence 
similarity between the manunalian genes and the putative snail gene.
Designing primers for an invertebrate genomic sequence based on
mammalian genomic sequence data must take into consideration the
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possibility that there will be very little sequence similarity between the 
genes even though there may be considerable functional similarity in the 
gene products. Therefore, when using a genomic DNA template it was 
necessary to use a panel of degenerate PCR primers to isolate a fragment 
of the putative B. glabrata IL-1 gene. This approach yielded several 
distinct PCR bands after increasing the stringency of the reaction. As 
observed with the complete human IL-1 gene there likely will be introns 
in the genomic snail sequence that would make it difficult to identify the 
correct PCR product by length. We decided to sequence all the major 
bands to improve our chances of finding the snail IL-ip gene. The 
sequencing results included a variety of unique sequences indicating that 
the PCR primers were annealing non-specifically to regions of the snail 
DNA. Most vertebrate IL-1 gene sequences come from cDNA constructs 
so an experimental approach using snail cDNA as a PCR template may 
improve the chances of obtaining a sequence from the snail that could be 
identified as having similarity to a vertebrate interleukin.
Identification of the snail IL-ip gene was also attempted by using
cDNA libraries prepared from 13-16-Rl mRNA, with the majority of the
RNA collected from snail muscle tissue. The large amount of mRNA
needed to obtain a representative cDNA library made muscle tissue the
optimal source capable of yielding that amount. It is likely that the snail
IL-1 gene is similar to vertebrate cytokine genes in having a low copy
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number and being expressed in only a small portion of an organism’s
cells. In vertebrates, both leukocytic and non-leukocytic cells produce IL-
1. These cells include monocytes and macrophages, B cells, dendritic cells,
kératinocytes, platelets, fibroblasts, and endothelial cells (Roitt et al.,
1989). In vertebrates these cell types would be excellent sources of IL-1
mRNA transcripts especially since some of these cells can be grown in
culture allowing collection of large amounts of transcript mRNA. On the
other hand, collection of the correct mRNA transcript from snail tissue is
a more difficult task. The research presented here indicates that snail
hemocytes can be an inducible source of snail IL-1 mRNA. It is possible
that endothelial tissue may produce snail IL-1 but the other IL-1-
producing cell types found in vertebrates are not found in snails. Snail
hemocytes can form monolayers but have not been cultured for
continuous growth and multiplication. This limits the amount of
hemocytes available for collection of IL-1 transcripts due to the small
amount of hemolymph from each snail and the small number of
hemocytes in the hemolymph. A single cDNA library from the Stratagene
kit used in this thesis research requires 5 ug of poly(A)^ mRNA for
optimal production. Total RNA isolated from cells or tissues contains
approximately 1-3% mRNA and my experience was that close to a
milligram of total RNA was necessary to isolate the required 5 ug of
mRNA. Due to limitations in available organisms, hemocytes could only
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make up a small portion of the mRNA needed and therefore it was likely 
that the proportion of snail IL-1 mRNA transcripts incorporated into the 
library was very small.
The library made with the highest proportion of hemocyte mRNA
available contained only 5% hemocyte mRNA. If, as it has been found in
other organisms, the snail IL-1 gene has a small copy number in
hemocytes, then this complete library would have very few clones
containing the correct gene. Therefore, probing a phage library for a
rare clone continues to be the critical step since it was not possible to
enrich the library for the desired clone. To overcome the drawback of
using a DNA probe, a X ZAP Express library was constructed to allow
prokaryotic amplification of the gene inserts and when necessary
expression of the inserted gene product by the lacZ promoter when
induced with IPTG. Further, primary screening of expression libraries
with antibodies is recommended when appropriate nucleic acid probes are
not available (Sambrook et al., 1989). Previously, our laboratory had
produced a polyclonal rabbit anti-IL-1 antibody using recombinant human
IL-1P as the immunogen. Plaques bound to nitrocellulose filters were
probed with various concentrations of this polyclonal antibody to
determine the dilution that would yield an acceptable background but still
allow detection of the appropriate clone. A 1:400 dilution of the
antiserum showed a faint background while a 1:200 dilution showed all
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plaques having a light but distinct outline following detection. Screening 
an excess of 10  ̂plaques yielded no positive clones. Attempts to slightly 
increase the concentration of antiserum only improved the signal for all 
transferred plaques. No obvious true positive plaques were observed after 
screening over 5 x 10̂  plaques.
Screening of plaques was also attempted with an oligonucleotide 
probe designed from a consensus sequence found within the cDNA IL-ip 
gene sequences from nine mammalian species. The 54-base 
oligonucleotide was labeled using an enhanced chemiluminescence (ECL) 
technique (Amersham Life Science) that labels the entire DNA strand. 
Although this has increased sensitivity compared to other labeling 
techniques it also yielded false positives when the probe concentration was 
increased to allow observation of probe binding. Probing the library with 
the oligonucleotide was tested on 2.5 x 10̂  plaques but again no specific 
positive plaques were identified.
Following the inconclusive probing of the slightly enriched cDNA
library it became evident that any attempt to isolate the snail IL-1 gene
would only succeed if the percentage of snail IL-1 mRNA transcripts was
greatly increased. Given the morphological and functional similarities
between human macrophages and B. glabrata hemocytes it seemed likely
that substances used to induce IL-1 production in macrophages,
specifically LPS, should work to induce hemocytes (McKerrow et al.,
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1985). Induction of cell-cultured human macrophages with LPS had been 
used in the original cloning and sequencing of the human IL-1 gene 
(March et al., 1985). It was hypothesized that similar induction of B. 
glabrata hemocytes would produce more snail IL-1 mRNA transcripts and 
that these transcripts could produce a more specific cDNA library.
The addition of LPS at concentrations of 100-300 ng/ml to 
monolayers of human macrophages has been shown to significantly 
increase production of IL-1 and TNF-a (Lonnemann et al., 1989). 
Following this analogy, the induction of hemocyte monolayers with LPS 
could indicate the source for the cytokine-like molecules in the snail as 
well as provide increased gene transcripts for a cDNA library. Results of 
an ELISA for IL-ip showed that LPS could induce a significant increase 
in the IL-iP-like molecule from 13-16-Rl hemocyte monolayers (Fig. 4). 
An ELISA for TNF-a showed a constitutive level of this cytokine in 13- 
16-Rl plasma (Fig. 5) and treatment of hemocyte monolayers with 
various concentrations of LPS did not significantly increase the level of 
TNF-a (Fig.5).
These results indicated that LPS-induced B. glabrata hemocytes 
could be used to produce a more specific 13-16-Rl cDNA library. 
Although it takes a large amount of mRNA to optimally produce a library 
with the Stratagene kit, it is possible to use glycogen as a carrier molecule
to make up for any shortfall in mRNA below the 5 pg recommended.
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Using only hemocyte mRNA should produce a library enriched for the 
transcripts active in hemocytes during induction by LPS. Further, 
producing a more specific library would lower the number of extraneous 
gene transcripts from active muscle tissue, genes that were abundant in the 
previous libraries. Although such a library would not be representative 
of the snail’s overall expressed genes it would improve the chances of 
finding the putative IL-1 gene transcript. Although production of a 
cDNA library enriched for the putative IL-1 gene transcript and probing 
of this library was not performed for this thesis, the results of the 
research conducted indicate that an enriched library may allow the 
isolation of the gene responsible for production of the functional homolog 
to mammalian IL-1 p.
Although research in this thesis did not identify the specific gene that
produces an IL-1-like molecule in B, glabrata, it has provided evidence
for induction of the molecule in a manner similar to mammalian IL-1.
These results may help in future research into the dynamic interplay
between parasite and host. Many studies have shown that snail plasma
components differ between the susceptible and resistant strains (Spray and
Granath, 1988; Vietri and Granath, 1992). Other studies have shown
differences in function between susceptible and resistant hemocytes
towards schistosomes. Specifically, if resistant hemocytes in vitro are
exposed to sporocysts in the absence of plasma they are capable of
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recognition and killing (Granath and Yoshino, 1984). Susceptible 
hemocytes are not capable of killing in vitro unless in the presence of 
plasma from resistant snails. This argues for a substance in resistant 
plasma that can upregulate hemocytes to a cytotoxic state. However, if 
resistant hemocytes do not need this plasma factor perhaps it is because 
they are producing it. Research in this thesis has shown that one strain of 
resistant hemocyte can be induced to produce a substance with 
immunological similarities to mammalian IL-ip when tested by ELISA. 
Perhaps it is the hemocytes that are producing this cytotoxicity-inducing 
factor in response to contact with sporocysts. Human macrophages are 
known to produce IL-1 after contact with foreign invaders and given the 
morphological and functional similarities between macrophages and 
hemocytes it is possible that in the same circumstances hemocytes may 
produce a similar substance.
Previous research indicated that there is a plasma protein found in B.
glabrata that binds to vertebrate immunoglobulins (Hahn et al., 1996).
This protein, BgL115r, was found to bind to IgG molecules used in
commercial ELISA plates. It was believed that this protein was causing
false positive readings for the presence of cytokines in the plasma of B.
glabrata and that a similar protein may be producing false positive
readings in other invertebrates. We addressed this premise by using 13-
16-Rl plasma on a commercial human IL-ip ELISA plate and substituting
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a B, burgdorferi OspC antibody for the secondary antibody in the assay. 
The results indicated that snail plasma did not non-specifically bind to the 
polyclonal OspC antibody in a manner suggested by Hahn, et al (1996). 
Additionally, the present study shows that hemocytes can significantly 
increase their production of a putative snail interleukin after exposure to 
LPS.
Future studies might include an assay to determine if resistant 
hemocytes produce and secrete a substance capable of inducing a cytotoxic 
response in susceptible hemocytes. Resistant hemocyte monolayers, 
incubated in an artificial medium, exposed to S, mansoni sporocysts in 
vitro should secrete the cytotoxicity factor (CF) into the buffer following 
contact and encapsulation of the sporocysts. Cell and debris-free 
supernatants placed on monolayers of susceptible hemocytes should 
contain the CF, causing the normally non-cytotoxic hemocytes to mount 
an effective killing response when exposed to sporocysts. Additionally, 
resistant hemocyte monolayers exposed to LPS should be induced to 
produce the same CF. Adding the cell-free supernatant to susceptible 
hemocyte monolayers may induce them to a cytotoxic state towards 
sporocysts.
It will be necessary to determine the sequence of the putative snail
IL-1 gene to specifically characterize it as a member of the cytokine
family. Little is known about the genome of B. glabrata, and attempts to
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isolate and sequence individual genes based on their similarity to 
vertebrate genes is a guessing game. It will be necessary to enrich any 
cDNA library with mRNA transcripts from the cell type(s) that is most 
likely to be actively transcribing the gene of interest. Once the putative 
snail interleukin gene is positively identified and isolated it can be used for 
expression of the gene from a plasmid for a variety of functional assays 
with the recombinant IL-1. Results from cell assays using the addition of 
snail interleukin could determine if the difference between resistant and 
susceptible strains is expression of a single protein from a single gene or a 
more complicated process involving multiple components. Even if a snail 
interleukin is positively identified and shown to be produced in both 
resistant and susceptible snails, other factors may control the schistosome 
killing activity. Susceptible strains may have a defective receptor or 
produce a slightly different interleukin-like molecule. Additionally, 
susceptible strain hemocytes may be lacking in components necessary for 
schistosome killing or in a signaling pathway necessary for the activation 
of the killing mechanism.
The discovery of a TNF-a-like molecule in 13-16-Rl hemolymph
indicates that the snail’s immune system and/or the hemocytes may be
capable of producing a second type of cytokine. The presence of the
analogs to the cytokines IL-1 a , IL-lp, IL-2, IL-6, and TNF-a have been
reported in hemocytes from the molluscs Planorbious comeus and
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Viviparus ater (Ottaviani et al., 1993). Observation of a TNF-a-like 
molecule in B. glabrata came from hemocyte monolayers incubated in 
their own plasma. The increase in TNF-a level following exposure of the 
hemocytes to LPS was not at a level of statistical significance to state that 
it is the hemocytes that are induced by LPS into producing this cytokine.
Some researchers believe that the results showing evidence for 
cytokines in invertebrates are caused by non-specific binding of plasma 
lectins to the antibodies used in ELISA assays. Our research has shown 
that hemocytes from 13-16-Rl snails are capable of significantly higher 
LPS-induced production of an IL-1-like molecule and also the production 
of TNF-a-like molecule. This indicates that snail hemocytes can be 
activated in a manner similar to mammalian macrophages that have been 
shown to produce IL-1 and TNF-a following exposure to LPS. This 
evidence, combined with a number of experiments showing that 
mammalian cytokines can upregulate the immune response in 
invertebrates, argues against a lectin giving false results. Although it is 
possible that hemocytes could produce a plasma protein capable of false 
positives in ELISA’s for the presence of cytokines, this thesis has also 
shown that snail plasma does not non-specifically bind to a B. burgdorferi 
OspC antibody. Given this body of evidence it is likely that hemocytes are 
producing a signaling molecule with functional similarities to cytokines.
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Isolation of the genes responsible for production of these compounds 
should be possible with further experimentation.
Determining the mechanisms responsible for resistance to 
schistosomes in B. glabrata snails may play an important part in 
controlling or eradicating schistosomiasis as well as increasing our 
understanding of invertebrate immunity. If future research shows that a 
cytokine-like molecule plays a pivotal role in resistance to schistosome 
infection in its intermediate host then it may be possible to select for this 
trait in natural populations in endemic areas. Even partial resistance to 
the schistosome may lower the incidence of this disease in the human 
population in these endemic areas thereby improving the health of people 
burdened by schistosomiasis.
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